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Examination of very low f req~ency  records of the AEouette 

1 satellite has revealed the presence of an unusual Band of 

noise. 

from sther vLF emissions t:zlicP., are sbse:,-ved both in the s a t e l l i t e  

and 6n the ground. 

ix~ the immediate v i c i n i t y  of the satel l i te ,  as a resul t  of a 

rosonaiice in the plasm surrounding the  satellite. 

knowledge of the resonance frequency and. the arbieizt pl8sma 

and gyrofrequencies, an inverse metan of the  ionic mass may be 

This band shows several features which distinguish it 

It is suggested that t h i s  noise is generated 

From a 
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var i a t ion  

suggested 

resonance 

f ie ld .  

theluefore this  noise will be referred 



OBSERVATIONS 

F7- rne Y*-- h i s s  ba.:zd is nose commonly observed i i i  the 

Alouettc 7, VLF recoxdings than “Lose of Znjun XI9 and a l l  the 

examples of t h i s  noise band shown below wexe ob tahed  from 

Alouette (I 

An example of the spectsa of the hiss band is shown 

in the upper record of Figure 1, recorded duriq a north t o  

south pass of Allouette over the Sorzth Atfant i@.  A l s o  shown 

in Figure 1. (below) are s y e c t r a  of simultaneous ground based 

recordings made at Eights Stat ion,  Antarctica. Tkrc LHR h i s s  

band in the  ALouet te  spectra shows the character is t ic  sharp 

lower frequency cutoff am2 decrease of f requenq €:ran about 

18 to abaut 5 ke in t h i s  exazple) 3s t’ne sate l l i te  inOves to 

higher l a t i t u d e s .  A l s o  seen FYI Figure  1 are ~ W Q  x i s i n g  fre- 

quency bands of emissions recorded by both the sate l l i te  and 

the grou:?d based station. T h i s  figure illustrates the conclu- 

sion drawn after examination of many simuLtanesus sateE]lite 

and ground based recordings, nanely that the D. hiss hand 

has never been observed on the  ground. 

action of the A l o r r e t t e  receiver the noise bands shown on the 

I  ̂

Because of the A.G.C, 

Alouette  spectra be of comparable ampkit~de at tlie ~a t t~ l . l . k t - , c : ,  

Obviously the same canriot ’be said of the gxound based recordings. 

It is apparent that the frequency v a r i a t i o n  of the individual 

r i s i n g  bands must be a temporal effect,  w h i l e ,  as noted above, 

the variat ion in hiss band fxequency 
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this occasion the s a t e l l i t e  gassed close to Eights Station 2nd 

r is ing  baPlcds of emissions similar to those shown in Figure 1. were 

observed at Eights before, during, and after the satellite pass. 

Only three such bands weze observed by the satellite over a 

perioc~ of absut + minutes, the la t ter  t w o  bands appeasing in 

Figure 1. If these r is ing bands consist of a number oE over- 

lapping periodic emissions (and there is evidence to support 

this in Figure 1) then it my be de&aced that these emissions 

vere pmpagaticg a b n g  a s i q l e  whiotles-~iode path in the o u t e r  

magfietosphere [ H e l E i w e l l ,  196p3; EieIBiwe11 and Brice, 19641. 

This point will bs further discassea below. 

3 

2 

Triggering of khe L B  hiss  band by a'cmosphesics and 

whistlers as reported %y ~ r i - c e  et a1 fa9643 is illustrated in 

Figure 2. This E i g u e  skowa spectxa recorded duriq a north- 

south  pass over Stanford. The lower record is the section of 

the upper record from E7 to 33 seconds shown v i t h  an expa~ded  

time scale, In the former, the enission triggercad by the first 

atmospheric shows i n i t i a l l y  a sapf:d decrease in lower cutoff 

frequency, following which this Esequency becomes marly  constant.. 

The emissions triggered by whistlers indicate t h a t  frequencies 

near the low frequency cutoff are enhanced for  longer periods 

than the higher frequencies. Also,  the sharp lower f r e q t e n q  

cutoff increases meaaureabky within these emissions. The 

whist3.er triggered emissions have duratioris of the order of a 

Sew seconds. such triggering of emissions by atmospherics 

and/or whistlers is reletivsLy cornman i . ~  Uouetise recordings. 



. ‘  

Of 94 ten-minute recordings examined, 1.8 showed triggering 

05 the hiss band by atmospherics, while in 20 c a e s  it was 

triggevsd by wl~istLers.  As was noted above, this hiss bard, 

triggered 03’ otherwise, has .p~ever been obsesved on ground based 

recordings The LHR emiss ions , either continuous or triggered, 

were observed i n  55% of the recordings exadned.  The seasonal- 

diurnal oecurence data are given in Table 1. It is seen that 

the night-time ~ccurrence  was 6 igni f icant ly  nore frequent than 

day-time. Furthermore, almost a11 daytinie observations of *he 

hiss b a d  isare zecoxded e ikher  before 8 a,m. or after 4 p . m .  

In Figure 3, also recorded duririg a north-st>u.th pass over 

Stanford, weak t r i g g e r h g  of the K5R.band by whkstlers may be 

seen between 40 and 80 seconds. APSQ apparent a t  the Scegiming 

of the upper record of Figure 3 is a whistler echo tra in .  

Whistlers with echoes showing the same echo delay m y  be seen 

throughout most of the period illustrated, 3n addition, fron 

225 to 260 seconds, a periodic emission is observed w i t h  the 

period being the same as the echo delay of the previous whistlers. 

It is apparent that the whistlers with echoes and the periodic 

emissions propagated over the same outer magnetospheric path. 

From this  we ccnclude that, durin3 t h i s  pass, s ignals  propagating 

along the same path in the outer magnetosphere were observed bj 

the satellite for more than four niilalkes, 1% may be zeme&ered 

that a similar conclusion was drawn f r o m  examination of %he 

r i s i n g  bands of emissions shown in Figure 1. From the satellite 

speed of approximately sevec kilometers per second1, it is found 
-4- 
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t h a t  i:he satell ite travels G V ~ J  3.700 kiloaeteus or more than Sg 

degrees of l a t i t u d e  during a four minute i n t e r v a l .  During this 

very few seconds, 

Another f e a t u r e  of the LHR emisskcns is illnstrated by 

Figure 4, which shows a section of the Blouette spectra of 

Figure 3 together with 6 imultaneow; gwotznd based recordings 
-~ 

f r o m  stanfo:cd, On the Stanford record a very weak whistler 
appaws j u s t  before 3 seconds and otlncr whistlers at 4, 6 >  p?,, 1 

and 11 seconds. For all these whistIers,the corresponding 

whistlers Eire seen in the sa t e l l i t e .  None of these whistlers 

triggers TJB ernissioa?. 

during this interval kr igge r  sJ3pi emissions but PIQ whistlers 

corresponding to them I.JEXB observed on the g~caland at Stanford. 

Other w h i s t l e r s  recojfiedl by the satellite 

Furthermore, a ca re fu l  examination of the whistlers i n  Figure 

3 shotvs t ha t  nom of the whistlers with echoes t r i ggeu  LEZ 

emissions. !l%e observations that the whistless which do ;lot 

t r igger  tend to have echoes and that these are observed on 

simultaneous ground recordings both ind ica te  t h a t  ~ h e s e  tihFrjtle.co 

are ducted [ H e l l i w e P l ,  l963a4 whereas the whistlers w h i c h  t r i g g z ? ~  

emissions are non-ducted. ft should be pointed out that  

on one or t w o  occasions, the data indicate that w h k s t I . e r s  which. 

triggered LIB emissions were SLSO observed cm the gro~nd. Of 

course, on these occasions only the triggering whisthers wexe 

observed on the  ground, not the triggered emissions. A nurd:e3: 

02 the i imsual  features of the LER hiss  band described above 

-5- 



were brought 2m the attention of the authors by John Matsufrakis 

[private comunica t ion]  

It is appaxent from %he above observations khat. the LEiR 

hiss band has a number of features which dis’t;ingais& i‘c Zxoa 

other VW emissions. For these other en i~s ions ,  and f ~ r  whistLera, 

the freque-ncy-time spectra skiserved si~ultaneously in the s a t e l l i t e  

and on the ground ase essent ia l ly  the same, indicatiag that the 

spectral  variations ara temporal. ratheit than spatiall.  

The W ?  hiss  band alinost invariably shows a general increase 

in the IQWX cuto5f frequency w i t h  decrease in the la t i tude  of 

the satellite. Because of this latitude dependence, we dechce 

Ynat the general increase in Lcrerguency must be a 

It may be suggested that the short term variations a s  secu in 

Figure P are a l s o  spatial ,  but the p ~ ~ ~ i b i l i t y  of temporal 

variation cannot be ruled out. HBV,PBV~T, the Song t a m  c’narqc 

in frequency is  certainly s p a t i a l .  

cutoff is very sharp, that it is a Zunction of t‘ne Iseation of 

the satellite, and that it changes aeasuseably i_~_ a 5 3 9 3  B ~ C O X ? ~ ,  

we may deduce that a t  any givea instant  the LIB emissions 

obsexved by the satellite axe different from those obsea-ved a 

f e w  secor-ds previonsly. s i n c e  at l eas t  some of the frequency 

variation must be spatial, t h e  horizontal fdeld of v i e w  of the 

satellite must be limited to less than a Eew ten3 of kikmeters. 

spatial a f f e c t ,  

6iven t ka t  the lower frequency 

One possibility is that the noise is generated near the 

top of the magnetic field Line path and propagakec strictly 

-6- 



along the field Lines f r o m  the region 02 generation to the 

outer magnetosphere may be observed in the sate lk i te  for well 

over a thousand kilometers. Id: appears unlikely theit t h a t  this 

kiss band is generated a t  great heights in the magnetosphere. 

Purthermorc, the observation of triggering sf the hiss  %y a t a ~ s -  

pl-nerics indicates that t h e  generation region is at or below the 

s a t c l l i k e ,  while triggering by wfa i s t l exs  indicates  generation 

at or above the s a t e k k i t c  [~tlrice, et al, 19641. since the region 

in which the observed hiss is genemted is a l s o  l imited in 

horizontal extent, it is appareat t h a t  the observed Wlouette 

hiss band is generated in the inmediate v ic in i ty  of the satellite. 

The observation that whist.LE3rs with echoes (which a r e  a l so  

observed on the ground) do not trigger the his s ,  while wEni.stIcrs 

without echoes (which are not observed on the  ground) do t r igc ; ,zx  

the  hiss may he interpreted as follows. It is srzgsested t h a t  

the whis t le rs  with echoes are  ducted w h ~ s t l l e ~ s ,  while thhose 

w i t h m t  echoes are not ducted [Melk iwe: lk ,  Ig63a]. For t h i s  

interpretation, the non-ducted wouZd be expected to have largev 

wave normal angles than the ducted whistlers [Yabzcsff, 396x’J 

with large wave-normal arigles. 

P ~ o m  considerations of amplitude alone, it wcml.d be 

expected that triggering of this h i s s  band by atmospherics 

would be observed far A I ~ O P ~  f..-equently than triggering by whistlers. 



Since it is expected that  w h i s t L e r s  generafLy 'nave larger W ~ V G  

normal angles than atmospherics, the observati.on that triggering 

by whistlers and atmespherics occur with almost equal frequency 

may also be iradicztivs that  triggering is maice i3voralble at 

larger wave nosrxal angles 

is also found in Figure 2, tvherc vary  weak tjhistlex-s produced 

longer enhancements of the I= h i s s  Band than atmospherics. 

Fur ther  support for this suggestion 

POSSXBLE O R f G I 3  

In considering pbssiblc origins fox  tha UiR hiss band, it 

should be borne in niind khat: the ahserved noise! is generated in 

the immediate v i c i n i t y  of the satel l i te ,  t k n C  the noise nay ke 

triggered, and t h a t  triggering appears to be mhanced for waves 

propagaking with large wave-normal angles. A l s o  a l l  of the 

mec2ianisms suggested for tke generatior. of VLP emissions observed 

on the ground invoke resonancss between particles and v2histler 

mode waves propagating quasi-longitudinally [ B r i c e ,  1954aJ. 

Further, it has been suggested by Calvert  ar,d Goe [I9633 t h a t  

the high frequency "spikes" observed in the AEouette tsp-siiiie 

sounder records axe related to the xesonances in the plasma 

surrounding the satel l i te .  Since L1-E. emissions are a function 

of w e  locatiof, ef the  s z t e l l i t e  (as zxo t5e high freq2sncy 

it appears l i k e l y  tha t  these emissions also arise from a rssoiiarice 

between electromagnetic waves and the zmbieni: plasma in the v i c i n i f y  

of the  satellite, The freqaency OS LHR emissions lies ab9ve the 

proton gyrofrequency and below the eSectron gyrofreqaency. The 

-8- 



where fx is the electron gymfxeqwrzcy. 

It is apparenk “ L h a t  the resonance frzquency w i l l  be of 

the order of the ion plasma Greq’iency or %he geometric mean 

of the electran and ion gyrofzecpencies, whichever is the less. 

The geometric mean gyrofrequency ZOY protons in the ionosphere 

is always less than 40 kc. 

THEORY OF THE LOVvXW EYBRZK) RESOEM<CE 

Equation (1) may be rewritten in tkrms of the electron 

as fo’ plasma frequency, 

where &f 

ekectrons, 

is the  mass to charge ra t io  sf the ions relative to 

As is seen in Table 9, the ernissioas ars observed 
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Alouetts  predominstely at night. At th i s  timz atid at the 

laeighk of the satellite (1000 km) the o l ec t r sn  plasma Eregueazc~ 

is usually less than the electron gyrofreq~ency for latitudes 

of interest here (roughly, ~n th i s  situation 

the lower hybrid reso~ance a,opro~timah?ly the i on  plasma 4rs- 

L = 2.5 to 55. 

quency. For this case, a simple physical picture of the resonance 

may be given. The resonance frequency is much l eas  than the 

electrofi gyrofrequency, so that  the electrons are  kj.ghtly bound 

by the earth's magnetic field. Tne ion  gyrofrequency is much 

1es.s than the resonance freqaency so that the ions are considerably 

more mbile. ! F h 2 t 3  if the i o n s  are  displaced across the stakic 

magnetic field, the tightly *xmr?d electrons form a fixed negatively 

charged background and the ions osci l la te  at their plasma Ere- 

quency in a manner s i m i l a r  to electrons in the absence of a 

magnetic f i e l d .  

Since the ionosphere contains in general more than one 

ion  constituent, it is of interest  "CS derive the resonasace 

frequency for plasmas with r r u l t i p l e  i c n  s.peies. For propagation 

transverse to the earth's magnetic f i e l d ,  it has been shown by 

Smith and Brice [1964] that a resonance occurs when 

where the XI 

wave frequency squared and t h e  

to wave frequency for the various cons'c&ents (electrons and ions) 

present. -EO- 

are the ra t ios  of plasma frequency squared to 

Y, are the ratios of gyrofrequency 



i 

nnd eina 





space wavelength is 50 km. H0wever, near resonance the refiac- 

tive becomes extremely laxga and VIe wavelerigth in the medium 

relatively small so t h a t  the anteniia may not be small. compared 

w i t h  a ivavelength. 

- DISCUSSXXJ 

Tt has been shorn that the LE2 hiss  band is a highly 

localized phenomenon, suggesting a sresoaawce in tl2e ambient 

plasnn. Tt has been noted that the frequencies 03served in 

the hiss band are between the electron and proton gyrofrequencies, 

and that ehe only ressaance in t h i s  frequency range is the Bower 

hybrid re308~ance. 

an adldliti~n, several of the properties of this ressnan.ce 

may be related to cha+aeteris.irics of the hiss band. 

sharp lower frequency limit; the LBR hiss band has a sharp 

lower frequency cutoff. *.E: resonance is characterized by 

large electric fields; the hiss band is fourid  ore often on a 

receiver fed from an electric or dipole antenna (Alouette 1) 

than a receiver fed f m n  a magnetic or 1002 antema (Injun UI>. 

The l o w e r  hybrid resonance occi~rs for a wave riorcmal angle of 

ninety c?egrees; triggering of the hiss bzind appears to be 

enhanced for signals  propagating with large wave-cormal angles, 

While the hiss  b a ~ d  and the lower &ybrid xesmance arc  

both a t  frequencies intermediate between the electron and ion 

gyrofrequencies, it is necessary to determine whether the 
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postulated association be twen  t h e m  requires unreasonable values 

of effective aass. By Laking typical. values of electron plasma 

frequency of 600 kc and electron gyrofrequency of 1 MC, w e  ~ i n d  

that the range 5 to 10 kc of hiss Zmquencies wouid require 

effective masses in the range 2.1 to 8.3 times the proton mass. 

These are by no means unreasonable values,  so it may be s a i d  

t h a t  the lower cutoff fsecplencies of the M r  hiss band are of 

the order of those expected Pox the lcmelc hybrid resonance. 

From the J;I%R postulate, it is seen tha% the resonance 

frequency increases with the electron plasm frequency. It 

may be suggested then that  the high electron densit ies (and 

hence plasma frequencies) found near I Q C ~ ~  n c m  u s u a l l y  give 

Power  hybrid resonance frequencies above 90 kc (the upper 

frequency cutoff of the A I o u e t t e  VLF receiver). 

provides a plausible e-xplanation of the infrequent 03servation 

 his suggestion 

of the hiss band in the Imurs near local. noon. 

With regard to the variation in low frequency c u t o f f  of 

the hiss band with latitude, it has been suggested by Bxicr3 

[k964b] that th i s  is typically soaewhat greater than Yne 

typical variation in e l e c t r o n  plasma frequency at 1909 km. 

Thus f r o m  the I B R  postulate, it would be deduced that the 

effectiae mass at lO9O km height i x r e a s e s  with iricreasing 

la t i tude .  This deduction agrees with that made from predictians 

 sf ow en, et al, 19645. 
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The local generaticsn of the ?SR hiss  band and the range 

of Erequencies 03ser'ved suggest that the, k i s s  is d i rec t ly  

re lated to the lower hybrid resonance. 

th is  hyl"e>thesis is found in the sharp l o w  frcguency cutoff  of 

the band, the inore frequent occurrence i n  the receiver fed 

from an electric antenna, and the enhanced triggering at Zaxge 

wave norms1 angles. !Phis pxtulate provides an e:ql,anation 

of the absence o f  the hiss band i n  the hours around 1ocal. noon; 

it requires a variation of effective mass with Latitude which 

agrees qualitatively with that found by other workers. 

m t h e r  support for 

Thus the properties of the band found to date are a l l  

camistent  w i t h  the l ~ ~ n :  hybrid resonance kzypotinesis. 

In view of this evidence, it is  of interest to assune 

that knowledge of the lower hybrid resonance frequency may 

be otained (from hiss, or from antenna impdance measurements) 

and to consider the applications of this knowledge in ionospk~eric 

research. As was shown above, the lower hybzid resonance 

frequeacy is d i r e c t l y  related to the effective mass of the i c d c  

constituents and t h s  provides a useful diagnostic tm1. Sincc 

the weighting factor is  the inverse ion ic  mass, the effectlwe 

mass will be largely determined by the l ighter  ioizs. In the 

protomsphere, where the i on ic  mass is kncnm9 a measuuement of 

the  lower hybrid resonance frequency and the earth's ~aagne'cis: 

field strength will in principle yield the electron density.  

-15- 



This n~t'fiod of measuring electron density would be useful in 

the height range above Alouette (3.000 km) and helow khat a t  

which whistler: measurements are avaiXz3le. 

35 the sjhort tern fluctuations i n  the h iss  band noted 

earlier are i n  €act spatial rather than temporal, t k e ~  it m y  

be suggested Vnat they are the result of small fluctuations in 

the ambient electron density. m e e e  fEuctuatFons could be 

related to the field-axigned dncts of ioniea'cion postulated 

fox whistlers by Smith [1361]. 

SUGGESTED E X P E X b a m S  

The work above suggests a number of interest ing e-xpesiments 

for rockets and satellites. In  addition the search fer noise a t  

the Power hybrid resonance in a LaSoxato,-y plasm might prove 

instructive (this resonance has apparently been recently found 

in a laboxatory plasm by Won E. SchLutes [private comxunication]).  

Following the suggestion above that noise is observed near 

a resonance at very bow frequencies, it would be of interest  to 

examine the output of a very high s e n s i t i v i t y  swept frequency 

h-f receiver to determine whether ambient noise is cphanced 2 t  

the resonant fsequeneies ziready 2ound. by the tops ide  ionosc;nde. 

Sfiiiiiltafie3is GZ altsrcak? tsp-si& j - ~ > ~ s ~ ~ d c  iJrsF 

recordings would be extxer,E!ly useful.  

spikes the electron plasma and gyrofrequency may be found. 

This information in conjunction with the VZF s_neet;ra would then 

y ie ld  the effective ion mass. Since the AI-ouette k i s s  band is no% 

Frcm the high frequmzy 
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a Eways obsexved, antenna inpedanze masurenents at very Low 

frequencies would be preferred. The E r e ~ ~ e n c y  range of the, 

receiver or impedance measurement should cover from the highest 

possible h57bxid resonance frequency of 40 kc to at l e a s t  @he 

Lowest ion gyt-ofreq~~ency exyected for the height r m g e  covered, 

A VU? ioreossnde or separated transmitter-receiver pair 

could be used to study resonance freqencies, and, in addition, 

a r t i f i c i a l  stirnuletion of VU emissisne [ ~ e b l i w c l i ,  et al, 19641 e 

Observation of the LHR hiss  together with independcct 

measurements of i o n i c  constituents 2nd antepar; imp~diince would 

provide a t e s t  of khe hypthesis suggested zbove. 

ACISNOImDWNT 

The woxk xepoxted here was sponsored by the Hational 

Aeronautics and Space Administration under grent EasG 174-61.. 

-17- 



Barrington, R. E, and J. S, B e h x s e ,  "Preiiminary Results from 

the Very-Low-Frecpency Receiver Aboard Canada's 

Alouette Satellite, 'I ~ature, M(48811, 651-656, 

May 18, 1963. 

Brice, N. M., "Fwdamentals of VILE' Emission Generation Z&chanisns, 'I 

J. Geophvs, Res, &(21), %ove&e~: 1, 196b. 

Brice, N, M., "Disosete VLF Emissions from the Qpper Attmsphere, 

Technical Report 3408-3, Stanford Electronic Labs., 

Stanford University, Stanford, California, AF Contract 

AF-APOSR 62-372, ( ir, press ) lg64b. 

Brice, N. M. and W. L. Smith, "Reccxdirqs from Alouette Satei irte  

I, A Very Low Prequealcy Plasm Resonance," Nature, 

ETQ. 282, (in press), 

Brice, N. M,, R. L. Smith, CT. S. Belrose, and R.  E, Barrington, 

"Recordings f r o m  Alouette Sate l l i t e  5 ,  Triggered V e r y  

LOW Frequency ~missions," xature, NO, 282, (in press). 

Calvert, W. znd G ,  B. Goe, "Plasma Resonances in the Upper 

Ionosphere, J. G ~ O D ~ V S .  ~ e s . ,  C3(22), 6113-6120: 

mvet&er 15, 1963. 
.. - I s E l i i w e i L ,  R. A., --coupXing B e t w e e n  the ?iarmsphese an2 e'ne Z a d 5 -  

Ionosphere Wauc-uide at Vary Low Frequencies, I' Proc. 

Int'l. canf. on the Xonosphere, * -  mndon, JULY 1962, 

Xnst. of Physics and Physical S O ~ . ,  London, Bartholsmw 

PsTeSS, DorkFng, England, 452-460, 1963a. 

-15- 



Melliwell, R. A. , "Whistler-Triggered Periodic V W  Emissions , 
J. G e w h y s .  Res., - 68(19) ,  5387-5395, October 1, 1963b. 

Eelliwell, R. A. and N. M, Brice, "VLF Emission Periods and 

Whistler-Hode Group Delays , '* 3. Geophys . R e s . ,  &( 21 ), 

P?ovembel: 1, 1964. 

B e 3 , l i ~ e I . I ~  W. A. , 5.  Katsufrakis, pfi. Trimpi, and N. Brice, 

"artificially-6ti~ulated VEF Radiation from the 

Ionosphere , * 2. Geophys . R e s ,  I a( 3.1 ), 2391-2394, 

July 1, 1964. 

Smi"&, R. L,, "Electron Densities En the Outer Ionosphere Deduced 

from ~ o s e  mistlers, I' 5 .  Geophys. R-+.S,,  - G6f8), 2578-2579, 

AUCJW~ 1961. 

S ~ t h ,  R. Is, and N. M. Brice, "Propagation in Multicomponent 

Plasmas," (sr?bmitted. to - J. G e o ~ h h y s .  R e s . ,  Sept, 1954). 

Stix, T. E., The Theory of Plasm VJaVe.S, McGraw-Hill Book CQ. , Inc. ,  

M e w  York, 1962, 

Yabrcrff, I., "Computation of Wniat'aer Bay P a t h s , "  - 3. Rcs. NBS, 

=( 5) , 485-505, Septe-r-October 1961. 



-20- 



I 
In pc 
rl 

" .  



FLGURE O%PTIONS 

Simultaneous VLF recordings from Alouette satellite 

and Eights S t a t i o n ,  Antarctica showing U i R  emission 

in satellite. 

Aloue'cte VLF recording showing LHR emissions and 

whistlers. 

APouette VU recording showing %m emissions triggered 

by atmospherics and whist lers .  

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. SimuItalWous VkF records from the ALouct te  sateLEittt 

and ground station (Stanford) showing UX emissions 

triggered by whistlers seen only in satellite. 
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